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(v) 


nommclatuhe 



11, Apparent viscosity, Poise 

iIqJ Zero-sliear viscosity, Poise 

■n , Upper Newtonian Viscosity, Poise 
[u], Intrinsic viscosity, cc/g 

11 Solvent viscosity, Poise 

Y , Shear rate, sec 

Yg, Reduced shear rate 

^ ^ Relaxation time (or time constant), sec. 

^Bnoche’ Relaxation time referred to Bueche’s theory 


A Rouse .-Rouse relaxation 
^ ^^p , Y^^'^ime const.ant and 


time 

shear rate respectively referred 


to any of the experimental curve 


A r^'^rTiine constant and shear rate respectively referred to 

reference experimental curve 

A , Shift factor 

Torque developed' by the' fluid dyn-cm 

60 , ilngular velocity, radians/sec. 

2 

, Shear stress, dyn/cm 


T , Temperature 

M , Molecular -weight 

, Viscosity average molecular weight 

c , Concentration, g/cc 
R , Gas constant 
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DST j Dilute Solution Tlieoiry 
CSTv Concentrated Solution llieory 
IMMAj Polymethylmethacrylate 
CB j Chlorobenzene 
X > ra-xylene 

"^0 ’ "*^3 ’ efflux of solution and solvent respectively. 
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ABSTRACT 


The viscosity of Polymethylmethacrylate as a function 
of shear rate was studied in chlorobenzene (f:ood solvent) 
and in m-xylcne (poor solvent), using coaxial cylinder 
viscometer, Ihe molecular v/eights of polymer studied were, 

= 1,340 X 10 and 2,385 x 10^, the polymer concentrations 


ranged from 2 to 11 g/dl. All experimental curves are super- 
posed on Williams theoretical master curve and time constants, 
A exp for each solution were evaluated. Time constants, 
assuming dilute solution theories were applicable, A . 
were calculated from Rouse theory, A / \ , when plotted 

0 XP yA Cl X i. 

against cM, approximately exhibits the functional dependence 

of l/cM -to both good and poor solvent, Williams theoretical 

P 


relaxation time dependence on RCc), (A*^" 


■) V\fhere R(c) 


c"^! P(c) 

is a weak, function of concentration and solvent character, 
was not observed experimentally. Instead, the results show' 


that A 

• 'exp 


P 

Rouse ° 

■SI 


c^T 


, approximately, It was concluded 


that for the concentrated solutions studied, solvent character 
influences the relaxation time through zero-shear viscosity, 

B Q , which in turn is strongly affected by the solvent 
character. It also appears that the solvent character at lower 
concentrations can explicitly influence A , 


**** 



CHAPTER 1 


IHTRODUCTIOH 

The apparent viscosity (p ) of polymer melts and 
their solutions as a function of shear rate (jv) has been 
studied extensively during past several years. Eor most 
systems the dependence of viscosity coefficient on shear rate 
is an interesting phenomenon. At sufficiently low shear 
rates, the viscosity coefficient is independent of shear 
rate and the corresponding viscosity is called zero-shear 
viscosity (p or the initial Uewtonian viscosity. As the 
shear rate is increased, P . decreases with increasing 
shear rate. Such behavior is termed as non-Hewtonian in 
contrast to the behavior of Newtonian fluids for whom the 
viscosity coefficient is independent of shear rate. Further 
increase in shear rate causes the viscosity coefficient to 
level off and remain constant. Such constant value of 
viscosity coefficient at high shear rates is called upper 
Newtonian viscosity (P«a ). 

The apparent viscosity of a polymer solution is found 
to be a complex function of temperature, T, molecular weight, 
M, mass concentration per unit volume, c, structure of the 
polymer and character of the solvent. It has been usually 
assumed that the effect of solvent on rheology of concentrated 
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polymer solutions is unimportant because of the obvious 
dominance of entanglements in these systems. However, 
Gandhi and Williams (l) observed that the influence of 
solvent character is considerable on zero-shear viscosity 
by studying moderately concentrated solutions of polymer 
in a good-solvent and a poor-solvent. Contrary to the 
usual assumption tho effect was found to be more pronounced 
at higher cone on trat ions. Moreover Tager et.al. (2) quali- 


tative Ij^omonstrated the marked differences in non-Newtonian 
character observed for good-solvent and poor-solvent systems. 
V^illiams (3) theoretically predicted that the character 


of the solvent should influence the non-Newtonian behavior 


of polymer solutions. In view of this evidence, it appears 
that solvent character is no more an insignificant variable. 


The onset of non-Newtonian behavior is typically 
characterized by the time constant, A . Time constant is 


approximately equal to the reciprocal of the critical shear 
rate v/here the apparent viscosity becomes dependent upon 
shear rate. Moreover it is usually observed that a non- 
dimensional plot of b / vs. At gives a single master 
curve over a wide range of concentration and molecular 
weight. The importance of the time constant is apparent 
from the above observations. 

Theoretically Bueche (4) and Rouse (5) developed 
expressions for time constant for dilute solutions which 
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differ only Toy a factor of tvra. 

^ 12 ( - r]^) M ^ ^ - 

Bueche " — = 2 (l.l) 

Later on Bueclie extended Ills calculation to tnelts by 
letting = 0 and changing c to melt density. The expressions 
lor melts and dilute solutions were experimentally confirmed, 
V/hile partially complete investigations of the effect of 
concontration, molecular weight on the time constant for 
concentrated polymer solutions were made, the effect of 
solvent on the time constant has been entirely left out. 
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The sparsely reported data in literature for concen- 
t rated 'Polymer solutions •was inconsistent, with Bueche's 
as well as Rouse -.' theory, with respect to concentration 
and molecular weight effects, Williams (3) developed a 
theory for concentrated solutions which predicts time constant 
as 

A a -f 0^ 

cTB(c) 

which seciTis to agree v^/ith the fev/ existing experimental 
data. In equation (1.2), ]?(c) reflects the effect of solvent 
character. 

Before definite conclusions can he drawn regarding 
the time constant for concentrated solutions more data is 
needed. The influence of solvent character which was totally 
left out needs to he studied for concentrated polymer 
solutions. The present study has been directed in this 
direction. Commonly available polymethylmethacrylate was 
selected as the po lymer to be studied. 





CHAPTER 2 


LITERATURE SURVEY 


A nutnbGr of successful developments have been 
made in the treatnient of rheological response based upon 
the mathematical models of the structure and dynamics of 
the long chain molecules (3>4,5). The molecular theories 
proponed by Bueche (4) and by Rouse (5) are for dilute 
solutions and model the polymer molecule as a collection of 
mass points connected by springs, Bueche 's theory was 
also extended to polymer melts. Bueche ’s theory takes the 


foiTO as 


p _ 

Tpunr" 


1 - 


6 N ( Y 

tT? ^ ^ 

(n^+ Y Ag) 


-- )(2 1 ) 

4 , ,v2 

Ab 


n^ + Y 

where the parameter is a relaxation time (or time 
constant), and is given hy Bueche ’s analysis to be 


B 


12 ( - ri^) M 

IT 


( 2 . 2 ) 


c RT 

The analysis can also be extended, in an adhoc fashion, 
to the polymer melts with solvent viscosity B ^ get equal 
to zero and with c replaced by polymer melt density, p , 
Rouse theory docs not predict non-Newtonian behavior hut 
gives an expression for the longest relaxation time of 
the polymer molecule as 
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6 ( ^0 - . 

Rouse 2 * (2.3) 

Tc c RT 

Is can Tdg seen ,Ag and ,AgQ^gg differ by a factor of two. 

All dilute solution theories, (DST) assume that inter— ^olyaier 

interactions are unimportant. The numerical magnitude of 

tho predicted value of A differs from model to model but 

the dependence of Aon 'H q, M and c is always the same and 

fixed by dilute solution limitation (see Table 1|. 

The dilute solution theories correlate the data for 

dilute polymer solutions (9 ? 10, 1 1 , 12, 13) in © solvents and 

for polynior molts also (u, 15) surprisingly quite well. 

l)iscrop®nc ics V\fith the theory in regard to the shape of the 

log R vs log Y curve were observed due to the broad molecular 

weight distribution in the polymer sample (16,17,18,19), 

as v/ell as due to solvent effects in the infinite dilution 

limit (26). It was also observed that for the low molecular 

R o M 

weight samples the relaxation time v/as proportional to ^ — 

devoid, of tho dependence on concentration in contrast with 
the theoretical prediction indicating inverse proportionality 
with co,ncGntration, Some average molecular weight like M^, 
which would minimize the deviation between theory and 
experiment, was also recommended (20) and used (13) for 
Buoche’s theory. 

It is usually observed that while theoretical 
prediction based on dilute solution theories of P as a 
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function of c and M break down at relatively low concentrations, 
the predictions of /\ a.s a function of c and M work almost 
till moderately high concentrations. Thus it appears that 
concentration affects the time constant primarily through 
the concentration dependence of h which in the concentration 

range usually studied, is of the order of c^ to c^. Thus it 

•, •, , P 

has hoconiG customary to produce master curves of log — r) 

0 

vs, log Y superposition on one reference curve by using 

T) 

the reduced shear rate Yp = — Y where the 

c p 

starred quntities refer to the reference curve (23). The 
reduced shear rate shou l d^ be and the above expression 
reflects the fact that \(X — * However, the r® now 
seems to be enough evidence to show that this would not hold 
for more concentrated solutions. 

DeWitt et al (21 ) studied solutions of polyisobutylene 
in dccalin over a concentration range of 3-20‘^ and tried to 
superpose the data v/ith the usual reduced shear ra.te plots 
without success. The curves at low concentration superposed, 
but at higher concentrations tended to be displaced in the 
direction of higher shear rates. These workers replaced the 
c in the reduced shear rate by an unknown function of 
concentration, f(c), which was determined empirically from 
the shift required to bring the curves into coincidence. 

The superposition was satisfactory using f(c) = c upto &fo 
concentration eond f(c) = c above dfo concentration in the 
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reduced plots. The observation made by DeWitt et al and 
similar observations tiia.de by others (24-, 25) indicates 
clearly the failure of DST for concentrated polymer solutions, 
Williams molecular theory (3) for concentrated polymer 
solutions as of the form 

— ^ = 1 - T?- X" : (2.4) 

The time constant A, is given as 


^ ^ ( 2 , 5 ) 

c T P(c) 

where l*'(c) is a weak function of c and depends on solvent 
character also. In contrast to hST this concentrated 
solution theory (GST) is based on the approximation that the 
effects of intramolecular interactions are negligible compared 
to the in termo lecular interactions. It however does not 
take entanglements into account. The time constants of the 
two theories (hST and GST) are given in Table 3^'. The differ- 
ence in the dependence of A on molecular weight between 
OST and DST also is to be taken note of. 

6.raessley and coworkers (22) obtained non-Hewtonian 


viscosity data on monodisperse polystyrene in n-butyl benzene, 

covering the range of concentration from 20-55?^ and molecular 

6 ‘ ^ ) 

weight from 97,200 to 2,4 x 10 . Plots of log ^ versus 

0 

log "t wore shifted along the log Y axis until coincidence 
with a master curve predicted according to the entanglement 
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■theory was achieved. Prom the amount of shift needed for 
each curve for coincidence, relaxation time for that fluid 
^ exp calculated. The superposition of these data was 
good, verifying that a. single me chan ism of molecular response 
was dominant. A critical test was made by computing \ / 

Adii» where A dil chosen for convenience to be the 

Rouse value. The ratio should be a constant over a range of o 


Table 1 


Theory 


Dilute solution theory 
Concentrated solution theory 


Prediction 


Adil'^'^dil f 


- M Tp - r\ 5" 


cT 


■] 


, ■■ Pn ~ 1 

\ f — 5-^-- ^ J 

/'cone cone 2, 


c T P(c) 


^conc _ K ^ K 
^ ^ ^ - ^riTHT CM 

and M if any DST applies and equal to K/cM P(c) Pi K/cM 
if CST applies (See Table l). A plot of Ag^p / Adil 
is presented in Pig. 14-> Where it is seen to exhibit 


distinctly non-DST behavior. However the function is not 
quite hyperbolic, as is suggested by CST, but only approxi- 
mately so. Thus neither CST nor DST is satisfactory for 
concentratod solutions. Graessley et.al. (22) cO.lso found 
that temperature changes do not produce changes in '^©xp'^A Rouse’ 
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Though, ample evidence \«?as developed that the solvent 
character is no more an insignificant parameter even in 
concentrated polymer solutions, no work has yet been carried 
out till now to find out the effect of solvent chs.racter 
on the time constant. Present work dealt vvith this aspect. 


*•!<-** 



CHAPTER 3 


EX PERBIEHTAL mm 

(a) Eractionation s 

Polymethylmethacrylate (EfeMA), was fractionated 
by means of acetone-hexane precipitation method, following 
triangular precipitation scheme. 

Procedures for separating high polymers into 
fractions oi restricted molecular weight range vary, but 
all of them depend on the very small decrease in solubility 
with increase in molecular weight. Practiona.1 precipitation 
from a dilute solution is the most widely used method. The 
precipitation is carried out by stepwise decrease in the 
solvent power of the system. This may be achieved by any 
of the following methods. 

1, Addition of non-solvent (or precipitant) 

2, Elimination of solvent by evaporation 

3, Lov;ering the temperature of the system 

The first member of the fractions has the hipest molecular 
weight and succeeding ones have progressively decreasing 
molecular weights. 

Even though new chromatographic techniques are 
rapidly being developed, it is likely that the old fractionation 
technique!^ based upon very simple operations will continue 
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to be popular since the use of elaborate, special and 
costly equipment is not required, in addition, fractionating 
methods can be applied to small scale eicperiments ?\?here the 
molecular weight distribution in sma.ll samples is to be 
examined as well as to the large-scale separation of fractions 
needed for the study of various properties of high polymers. 

Apparatus s 

Two "three neeJeod" 5 liter round bottomed flasks 
v^ere used to process 25 gms of poljmier at approximately 1% 
concentration. Mercury seals were used to prevent evaporation 
and to provide for stirring the solution vigorously. To 
mako stirrer assembly light, a glass stirrer rod, having a 
teflon piece as stirror blade was used. 

Materials s 

With regard to the selection of the solvent, it is 
preferable to use a relatively poor solvent so that only 
a small amount of non-solvent will be required to produce 
the first fraction, eventhough it is difficult to dissolve 
the sample in poor solvent. Relatively weak non-solvent has 
to bo selected so that the amount of pol,ymer to be precipi- 
tated can be controlled easily. One further requirement 
is, to choose a so IvcnV non solvent system which produces 
an easily handlod precipitate. By a process of trial and 
error, a suitable solvent -non solvent pair may be found which 
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will reduce these difficulties. Cantow (6) lists several 
sui uable solvent— nonsolvent pairs for v<c,riQUs polymers. 

In, 'this vrork, IIvII.L4 was fractionated using acetone 
as solvent and hexane as . precipitant. HfflA is available 
under the commercial n.ame, perspex. Perspex sheets were 
directly used lor fractionation since the plasticizer will 
be csirried by either the lowest molecular weight polymer 
or the solvent-non solvent mixture. Commercial acetone was 
distilled before use .and commercial n-hexane was directly 
used. 

Procedure s 

The precipitations v;ere carried out following tri- 
angular scheme method. Successive refractionation is necessary 
to achieve better separations. One such refractionation scheme 
is the triangular method which is illustrated in Pig. 1 .where 
the horizontal arrows indicate, supernatant liquid and down- 
ward arrows indicate precipitations. In this method, the 
precipitant of a fraction at one particular stage is dissolved 
in the supernatant liquid of the preceding fraction of the 
next stage and precipitation is carried out. The lowest 
molecular weight sample is obtained by directly evaporating 
the supornationt liquid of the last precipitation of the 
1st stage. For details see elsewhere (6). 

The precipitations were conducted at 40°C, The 
polymer sample (PMMA) wad dissolved in acetone and n-hexane 
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was added gradually to the solution contained in 5 litre 
3 necked round bottomed ilask until a slight turbidity 
developed. At the sarae time the solution vras subjected to 
vigorous agitation. At this stage dropwise a.dditlon of 
nonsolvcnt (n-hexane) was added until the solution turned 
milky, I’or the purpose of assuring establishment of equi- 
librium between the two phases v/hich form, the solution was 
constantly stirred for considerable time. Then the agitation 
was stopped and the precipitated phase was allo?;ed to settle. 
After it had formed a coherent layer, which may require 2 
to 4 hours, the supernatant phase was decanted into the other 
5 litre 3 necked round bottomed flask. The precipitated 
phase, which contains the fraction consisting of the highest 
molecular weight species, was collected by dissolving in a 
small amount of solvent or solution as specified according 
to the scheme illustrated in Fig.1. The supernatant liquid 
was treated with further volume of non-solvent using the 
same procedure described above, to obtain the next fraction. 

b. Gha-racterization of the Polymer Samples ! 

The polymer samples can be characterized by various 
methods. One such method is based on measurement of intrinsic 
viscosity. Cannon-Ubbelhode capillary viscometer was used 

tf ' 

to measure the intrinsic viscosity. In this viscometer, 
time of efflux of a fixed quantity of fluid through a capillary 
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is observea. The time of efflux, as long as it is larger 
than 150 seconds, is directly proportional to viscosity of 
the solution. Intrinsic viscosity , [p] , is defined as 


Hence 


lim 
c-> 0 

[H] 



[^1 


lirn 
c — 3^ 0 


t -t 
0 

" ■^s 


s 


(3.1 ) 

(3.2) 


The empirical Mark-Houwink relationship between 
and III is 

[p] = KM^ . _ (3.3) 

K and a are constants determined experimentally. The 
values of K and a are tabulated extensively in Polymer 
Handbook (7). 


Procedure s 

Intrinsic viscosity measurements were carried with 
toluene as solvent at 25°C. The efflux times of the solvent 
and solutions at different concentrations were noted. A 
graph of (t^-t^)/ c t^ versus concentration was plotted 
(Pig, 3). The intercept at zero concentration gives the 
intrinsic viscosity. The viscosity average molecular weight 
was calculated according to the equation (3.3) obtained from 
Polymer Handbook (7). Table 2 contains the information 
about the samples used. 
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Table 2 


So Ivent 

Kxl 

dl/g 

a Polymer 

i^] 

dl/g 

X 10"^ 

(Prom [ri] = ICM^) 

To luene 

25 

7.1 

0.73 BBiA 

3.21 

2;385 

To luene 

25 

7.1 

0.73 B'lMA 

2.11 

'1.340 


c . Test Materials ; 

Polymethylmethacrylate (BMA) v.'as studied in two 
different solvents. Chlorobenzene and m-xylene were chosen 
as solvents due to their low vapor pressure at room temperature 
which will minimize the evaporation losses. Chlorobenzene 
is a good solvent and tn-xylene is near 0 solvent for .BMA, 

Pour combinations of solvent, molecular weight of polymer 
which were studied are shown in Table 3 . Pieagent grade solvents 
were obtained and were used without further purification. 

Table 3 



(from [p] = 


Solvents 

Polymer 


Good 

Poor 

B!MA 

2.385 X 10^ 


Chlorobenzene 

m -xylene 

BIMA 

1 .340 X 10^ 


Chlorobenzene 

m-xylene 

A master solution 

of BMA was prepared in 

chlorobenzene 

(OB), and 

ra-xylene (X). 

Known 

amounts of master 

solution 


1 ? 


and solvent ?v'ere mixed and heated in a. closed container 
for several days at 70°C. The v/eight fraction was obtained 
for each solution by gravimetric analysis. Weight fraction 
was then converted into mass concentration, c, through 
density data. 


d. Viscometry : 


All viscosity measurements were made with a commercial 
model of a coaxial cylinder (Couette) viscometer, called 
Rheotest 2, shown in Figure 2. The viscometer is provided 
with tw'elve speeds and five different cylinder measuring, 
systems, which are distinguished by their geometrical 


dimensions. A w'ide range of shear rates (0.2 - 1310 sec 

7 

can be attained and a range of viscosities (1 - 1.8 x 10 c P) 
can be measured with this system. 

In Rheotest 2, the outer cylinder of radius R is 
fixed and the inner cylinder with radius r, and length, L, 
is rotated with constant angular velocity, 03 . The following 


standard relations exists 




M 




2 ^ L r" 


y 



(3.4) 

(3.5) 


■n 


r /Y 


(3.6) 
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The calculc?.ted parameters and Y are referred to the 
inner cylinder, for derivations of the above equations, 
see elsev>/here (8). In Rheotest 2,B%is measured for a given 
OOond hence h canbe calculated. The cylinder measuring 
systems, with r/R = 0.98, 0.94, v/ere employed since for the 
other systems, available r/R ratio was 0.81. The flow 
stability was checked at the highest shear rate employed for 
a given sample. All systems were found to be within the 
stability region. 


**** 



CHAPTER 4 


RESULTS ME DISCUSSION 
Description of Results ; 

The two samples of H'HA were studied in chlorobenzene 
(good solvent) and in m-xylene (poor solvent) over 2-1 1 ^^/dl 
concentration range covering a wide range of shear rates 
(0,5 - 1312 sec ), Apparent viscosity (Poise) versus shear 
rate (sec ) are plotted on log-log scale for each system 
and are presented in Pigs. 4,5,6 and 7. These plots show the 
typically observed non-Newtonian behaviour of polymer solutions. 
The experiments were carried out at 25°C in the case of 
Ohio ro ben zeno and at 55° C in the case of m-xylene. Although 
it was reported that m-xylene is a Q solvent for BOLA at 25°C, 
it was found in our laboratory that the. tiolymer precipitated 
in m-xylene (poor solvent) at 25®C. Hence it was decided that 
PMMA solutions in m-xylene would be studied at 55°C, which 
vms the minimum temperature at which precipitation did not 
occur for a period of 2 hours. A plot of zero-shear viscosity 
versus concentration is presented in Pig. 8, The apparent 
viscosity is non-dimensionalized dividing by zero-shear viscosity 
for each concentration and it is plotted against shear rate 
in Pigs. 9,10,11 and 12. Eig. 15 sho?/s the superposition of 
all curves on a master curve. From the master curve the 
relaxation time, A g^p for eacn concentration of different 
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molecular weights in chlorobenzene 
calculated. X are tabulated in 

exp Rouse relaxation time 
calculated from equation (2.3)) ig 


and m-xjlene is 
fable 4. The ratio 
(Rouse relaxation time was 
plotted against concen- 


tration for each rnoleculai- 
poor solvent (See Rig. 15). 


vveight studied in both 


good and 


of Ra: )eri mental Relaxation Time? 

■■■ ■ t(_^rn'ilnt tnoorotical master curves predicted 

by Williams, Graessley and Bueche were compared xvith the 


shape of each of the experimental curve. The theoretical curves 
plot log of P / versus log of (At) or the log of reduced 
shear rate. The selected master curve was superposed upon 
the experimental curve to provide the best f it, fl^lnfo^i'a&g- given 
value of P /p^, Phan the product of shear rate and relaxation 


time of the experimental curve '( t ^ A^^p) must be equal to 

the reduced shear rate of the master curve at the same value 
of P / Rq . The unknown quantity, A ^^-p was then calculated. 
It was observed that none of the theoretical curves were 
identical in shape with the experimental one throughout the 
shuiur rale range. Hence some visual judgement has to be 
made to arrive at the best fit between the experimental curve 


and the theoretical curve. However, it was difficult to 

arrive at the "same kind" of best fit for different curves 

by visual comparison. As a resull^of the values of A 

'exp 
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obtained by comparing the experimental curves separately 

with ciny of the master curves contained large error^, merely 

reflecting the inconsistency of visual comparison. Hence 

the attempt to compare the curves separately on a selected 

theoretical master curve and to calculate X. . was abandoned. 

Instead, one of the experimental curves (the curve correspond— 

- 6 ' 

ing to = 2,385 x 10 and c = 0,0839 g/cc in chlorobenzene) 
was chosen as a reference curve and the remaining curves were 
shifted horizontally (along the y axis) , until they superposed 
on the chosen reference curve. The resulting plot is shown 
in Fig, 13 indicating the satisfactory superposition. Even 
though visual pidgement was used in superposition here also, 
the dependence on the .judgement was less severe as the shapes 
of the curves were quite similar throughout the range ofY 
studied. The amount of the shift or shift factor, log A, 
needed for superposition for each curve was noted. The shift 
factor is the logarithm of the ratio of the shear rates of the 
curve heing compared and the reference curve at whichh / ^ 

has the same value. If and Y are the two shear rates 
indicated respectively, then 

Y 

c 

log A = log or A = 

^r r 

However a plot of log h / Hq versus logAi should give a 
master curve where all data should superpose on the curve. 

From this it is clear, therefore, that Y^ = ^exp ^ c 



22 


A exp A^^/A. Thus all the values of A s-xe known 
in terras of 

The master curve obtained, by superposing all curves 
on the reference curve was then shifted along the log Y axis 
to provide the best fit with Williams theoretical master 
cuive. It is observed that V-illiams master curve correlates 
our data at low shear rates well although discrepency prevails 
as tlio shear rates are increased. ®3?'aessley ’ s master curve 
docs exactly the opposite (See Pig. 13). The time constant 
of the reference curve, , was calculated as already indi- 
cated (in the beginning of the section) by comparison with 
Williams theoretical curves. Prom ^ and A, time constants 
wore then evaluated for all the curves, Por comparative 
purposes, the theoretical dilute solution relaxation times 
we.re also calculated from Rouse theory. The experimental 
relaxation times and Rouse relaxation times are tabulated 
in I'^^ble 4-. 

Discussion of the Results s 

The data of the figures 4,5,6 and 7 demonstrate 
that the viscosities of the solutions in poor solvent are 
much higher than the viscosities of the solutions in good 
solvent throughout the shear rate interval. This is due to 
the structures formed due to association of polymer molecules 
in poor solvent. In a poor solvent, the polymer molecule has 

i.l.T. K/'^FUR 
CENTRAL LI BRARY 
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relatively low affinity to the solvent and tries to associate 
with the segments of the neighbouring polymer molecule which 
ultimately leads to aggregation. This type of aggregation is 
a localized phenomenon, it depends only on concentration but 
not on molociliar weight as it is theimodynamic in nature. Hence 
in a poor solvent, a polyro.or molecule can move only along 
with other associated polymer molecules v/hich contributes to 
increased viscoreity. However, comparatively, a polymer 
molecule in a good solvent finds it easier to move among 
the neighboures because of absence of aggregation, Hote that» 
although entanglements may form at moderately high concen- 
trationjgjit is common to polymer molecules in both the solvents. 
The log versus concentration is shown in fig. 8 which 
exhibits the above described significant effect of solvent 
character on zero shear viscosity and also is inagreement with 
the previous results (l). It is interesting to;n.o.te that the 
effect of solvent is so strong that the zero shear viscosity 
of the low molecular weight HHiA. (M^ = 1 .340 x 10^) in poor 
solvent eventually surpasses the high molecular weight PMIIA 

f 

(M^ = 2,385 X 10 ) in good solvent as the concentration is 
increased. Another interesting observation is that the 
viscosity of polymer in good solvent decreases more rapidly^ 
than in poor solvent, as the shear rates are increased • ■ 

(Figs. 4 and 5). Further it is observed with poor solvent_ ^ 
that the viscosity well level off at high shear rates Figs, (6, 7) 
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ouch behaviour is absent in good solvent. It appears that 
this behaviour is due to the formation of two kinds of 
structures in good and poor solvents? the entanglement 
structures that are deformed under the ‘action of applied 
stress in good solvent and the slightly swollen super molecular 
(aggregates) structures that are reversibly disintegrated 
under the o.ctionof applied stress in poor solvent. The 
aggregative forces are relatively weak because of their physical 
nature and hence are easier to be broken up as shear stress 
is increased causing a decrease in viscosity. Thus it appears 
that as shear stress is increased to a certain value these 
structures are broken up completely and viscosity remains 
constant. Deformation of entahgleraents involves coordination 
of several bond movements and is relatively more difficult 
to achieve completion. Thus levelling off does not appear 
in good solvent. It also appears that non-ilewtonian behaviour 
due to entanglements may be absent in the shear rates studied 
in poor solvents as the entanglements are relatively tighter 
due to solvent effects, although only further investigation 
at higher shear rates can confirm this fact. 

Focusing the attention now on ^ , it was observed 

that the superposition of our data on Williams master curve 
is very good at low shear rates, thereafter the theory predicting 
more non-Newtonian behaviour at high shear rates (as shown in 
Fig, 13). Comparison of data with Graessley's master curve at 
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high shear rates is good, hut at low shear rates it is far 
off with the experiment. Since the usefulness of lies 
in predicting the onset of non-Newtonian behaviour, Williams 
cur'v e was chosen to calculate values of our data. The 
deviation Irom V/illiams theory at high shear rates is to be 
expected since the theory was developed specifically for 
low shear rates. However, it must be mentioned that deviation 
from either Williams theory or from Graessley’s master curve 
can be due to the broad (even though relatively small due to 
fractionation) molecular Vi'eight distribution. 

The data of fig. 15 demonstrate that ^exp'^ARouse 
Gxplicit function of only concentration and molecular 
weight irrespective of the solvent nature in the range of c 
and M studied .The data for two different molecular weights 
are superposed on a single curve when Ag^^p/ A Rouse 
plotted against cM as shown in fig. 16 . Thus it appears 
that A \ r- , is an explicit function of only cM, It 

QXJ/ .hiJuS© 

is to bo noted tiv'it Graessley (' 22 ) -—nncl ^/A Rouse "be Q. 
function of oM for varying 1 and c , but only in one solvent. 

As observed by Graessley ^2) dependence is not given 

exactly by l/cM, This implies that 

P 

exp . 0 

Rouse c ■ RT 

only oipproximatchy.. Thus Williams theoretical prediction is 
only app.wximatci’,..- , , 
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It is to be expected that, when A /-A is 

’ />>Rouse 

plotted against cBI, the relaxation tine ratio should not 
depend upon cM as c -4 o if .any DST is applicable. Hence it 
is to be expected that the approximate hyperbolic shape of 
tliib curve should ■ ■ cease as c “J* o and should reach a 
cunstnnt va.iue, I.f the Rouse theory is applicable^ the constant 
value should be unity and if Bueche's theory is applicable 
tlic const.'int should be equ"l to 2, Thus it may be expected 
that as c o the curve should come down and level off around 
'^oxp'^ A di] ” ^ data in Pig. 16 throw some light 

on the transition region where neither BST nor CST applies. 

It is interesting to note that at the lov;er concentrations 
studied, the functional dependence of Ag^p^A Rouse 
has a definite dovm?;ard trend to both the molecular weight 
samples in chlorobonaene (good solvent) whereas this behavior 
is totally absent in poor solvent. Thus it can be concluded 
t,h.'it pi )r solvent makes a polymer solution behave like a 
m'lru c incentr.atod solution v/ith respect to time constant. 


Odris effect is similar to the effect of solvent on 

All these observations lead to the conclusion that 

V/il'l iarris theoretical relaxation time dependence (A’^-p ~~) 

T P(c) 

on P(o), whore P(c) is a we ale function of concentration 
and solvent character, was not observed experimentally at 
high concentrations where entanglements and or aggregates form. 
The solvent character influences the relaxation time only 
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through zero- shear viscosity, . Ho?/ever it is important 
to note tliat strongly depends on solvent character as 
already indicated hy our data. At lovv^ concentrationsyone 
may conclude irom our data, eventhough more work is needed 
in this region, that the nature of the solvent also might 
come into the picture explicitly to influence the relaxation 
time. Although the data in chlorobenzene was taken at 25°C 
and compared with data in M-xylene which was taken at 35° C 
this is not expected to effect our conclusions very much. 


This conclusion is based on Graessley's data (22) on polystyrene 
in ethylbenzene (a good solvent) who found that ^/Asouse 
changed by only 4/(’ vi/hen temperature was changed from 30° C 
to 60"C, ThmsA Ap _^values for BMA in chlorobenzene at 
25 ‘^'C and 35°C con be expected to be almost the same. 


*** 
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CQRCLUSIOKS 

Two samples of BIMA, having ¥ = 2.385 x 10^ and 
6 ■ 

1.340 X 10 were studied in chlorobenzene (good solvent) 
and in m-xylene (poor solvent) over a concentration range 
of 2-1 1 g/dl to ostimate the experimental relaxation time 
and its dependence on molecular vi^eight, concentration and 
no Ivcnt character. 

1 . The dependence of relaxation time on molecular 

weight and concentration agrees with others. It was found 

that Rouse onlj a function of cM and that 

Willlamu prediction. > is only approximately true. 

c T 

2. It was observed that the solvent character does 

not explicitly influence the time constant at high concentration, 
but it affects the time constant through its strong dependence 
on aero slioar viscosity. At low concentrations, it seems 
that the aolvent character might be an explicit function 
of time constant, but more data is needed to conclude anything 
definitely. 
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Suggestions for Future Work ; 

The present work was in a position to analyse the 
data well at high concentrations. More experimental data 
in the transition range (range bet?;een dilute to concentrated) 
is nooded to explain fully the functional dependence of time 
constant on the nature of the solvent as solvent effects 
in this range may he important. Such work needs a high 
shear rote viscometer which is at present not available at 
IIT^Kanpur. 
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F'iq 1 -Scheme for fractional precipitation ; Triangular method. 
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•Viscosity of poiymethyfnhethcrylate in chlorcbonzene (PMMA/CB) for cliff eren 
concentrations. The PMMA was My = 2-385 x lO^at 25'C. Chlorobenzene is 
; io ^ a good solvent for this polymer. 

























PMMA/X 





1-340 X 10 ; The points represent different concentration 

(^)3-885 g /dl ; (o)3-5g/dt. 








‘<zxp/ ''House 



C /, g/cc 


Ratio of experimental to theoretical relation time for 
molecular weights of PMMA solutions in goodfchtorc 
and poor (m-Xylene) solvent . The points represent di 
molecular weights : (o,y) 2-3B5 x 10^; (a,o) 1-340 x 10^. 
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CM 

Fig, 16 -Relaxation time ratio versus the product of molecular 
weight and concentration. The points correspond different 
■ molecular weights of PMMA solutions in good and poor 
solvents ; (o,v) 2-385 x 10^ ; Ca;<>) T340 x 10^. 
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APPENDIX 

TPIEORETICAL MASTER CURVES 
Bueche's Master Curve ; 
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